O veractivation of the N-methyl-d-aspartate receptor (NMdAR) after cerebral ischemia is a crucial reason for neuron death. Although NMdAR antagonists have exhibited neuroprotective effects in animal models, it is disappointing that several severe side effects have occurred in patients. NMdAR is a heteromer containing 2 obligate N-methyld-aspartate receptor 1 (GluN1) subunits and a variety of GluN2 and GluN3 subunits. The GluN2 subunit, which contributes specifically to neuron death after stroke, has been studied extensively. An opposing action of the GluN2A and GluN2B subunits in mediating cell death and cell survival was observed.
1, 2 The results indicate that the GluN2A subunit produces prosurvival activity, whereas the GluN2B subunit leads to a prodeath signal. However, von Engelhardt et al 3 found that the GluN2A subunit can also mediate NMdAdependent toxicity in dIV21 cultures. This paradox may have resulted because the pharmacological approach used to study subunit composition was not flawless. 4 In view of this limitation and according to the methods of molecular biology, Martel et al 5 demonstrated that the C-terminal domains of GluN2B promote neuronal death more efficiently than those of GluN2A in cerebral ischemia. 5 In short, NMdARs containing GluN2B are more lethal than those containing GluN2A. Prodeath signaling pathways mediated by neuronal nitric oxide synthase (nNOS), death-associated protein kinase 1 (dAPK1), phosphatase and tensin homolog located on chromosome 10 (PTEN), and calcium/calmodulin-dependent protein kinase II (CaMKII) have been linked to GluN2B activation. Therapeutic targets based on these signaling pathways of the GluN2B carboxyl terminus (C terminus) will be introduced in this review.
Therapeutic Targets Based on the Signaling
Pathways of the GluN2B C Terminus
GluN2B-nNOS Signaling Pathway
The GluN2B-nNOS signaling pathway, which plays an important role in neuron death, is the most widely studied GluN2B pathway ( Figure 1 ).
GluN2B/PSD-95/nNOS Complex
The PdZ domains of postsynaptic density-95 (PSd-95) can bind to nNOS and the C terminus of GluN2B. According to the coupling of PSd-95, the production of nitric oxide (NO) can be regulated by NMdAR. NO derived from GluN2B/PSd-95/nNOS signaling not only mediates NMdAR-dependent excitotoxicity but also inhibits regenerative repair via the regulation of histone deacetylase 2 during the recovery stage. 6 Blocking NO production derived from nNOS by interfering with the formation of the GluN2B/PSd-95/nNOS complex may be a promising strategy. Tat-NR2B9c, which comprises the cell-membrane transduction domain of the HIV-1 Tat protein and the 9 C-terminal residues of GluN2B, is the first reported peptide that perturbs NMdAR-PSd-95 protein interaction. 7 Tat-NR2B9c can protect cultured neurons from excitotoxicity, reduce focal ischemic brain damage in animals, and improve their neurological function. [7] [8] [9] [10] It is worth mentioning that Tat-NR2B9c is safe and effective in treatment of patients with iatrogenic stroke after endovascular aneurysm repair. 11 In addition, disrupting nNOS-PSd-95 interaction via ZL006, 12 IC87201, 13 honokiol, 14 4-phenyl-1-(4-phenylbutyl)-piperidine, 15 and tramiprosate 16 can prevent excitotoxicity and does not influence nNOS catalytic activity.
PSd-95 may be an alternative therapeutic target for excitotoxicity. Aarts et al 7 found that Tat-PdZ1-2 can decrease excitotoxicity after NMdA application in cultured cortical neurons. Wang et al 17 proved that overexpression of the PdZ1 domain can perturb the binding of PSd-95 to NMdAR, suppress the activity of both NMdAR and nNOS, and thus protect rat hippocampal CA1 neurons against cerebral ischemic injury. It was also reported that the suppression of PSd-95 by antisense oligonucleotides diminishes postischemic pyramidal cell death in the rat hippocampal CA1 subfield. 18 Bach et al 19 reported the design and synthesis of a novel dimeric inhibitor, Tat-N-dimer (Tat-NPEG4(IETdV) 2 ), which interacts with PdZ1-2 of PSd-95 and protects against ischemic brain damage.
The formation of the GluN2B/PSd-95/nNOS complex depends on the interaction of the PdZ domains of PSd-95 with GluN2B and nNOS. Most of the compounds uncoupling this
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complex may be ligands of the PdZ domain. On one hand, the human genome contains hundreds of different PdZ domaincontaining proteins and all of the NMdAR subunit C termini possess a promiscuous type I PdZ interaction motif; however, above any other PdZ proteins, PSd-95 and nNOS are important for effecting NMdAR-dependent excitotoxicity. 20 Thus, when developing this type of drug, it is important to avoid undesirable side effects by perturbing other PdZ interactions.
Neuronal Nitric Oxide Synthase
Although nNOS inhibitors can reduce the infarct volume in both permanent and transient models, 21 blockade of NO signaling in rats may impair normal physiological function, such as open field behavior, limb coordination, and fear conditioning. [22] [23] [24] In spite of this, removing peroxynitrite, the downstream cytotoxic molecule of nNOS, by pharmacological antioxidants is a promising strategy in cerebral ischemia treatment. 25 
Downstream Molecules of nNOS
The C-terminal PdZ ligand of nNOS (CAPON) is a protein specifically associated with nNOS. 26 The C-terminal 13 amino acids of CAPON interact with the PdZ domain of nNOS and the N-terminal PTB domain of CAPON can interact with downstream molecules of nNOS. It was reported that the nNOS-p38MAPK pathway is mediated by CAPON during neuronal death after an excitotoxic stimulus. 27 L-TAT-GESV, a cell-permeable peptide, can compete for the unique PdZ domain of nNOS that interacts with CAPON and can double the amount of survival tissue in a severe model of neonatal hypoxia-ischemia. CAPON may be a new high-specificity target for ischemia.
dexamethasone-induced Ras-related protein 1 (dexras1) is a small G protein that is specifically coupled to nNOS via CAPON. 28 Stimulation of NMdA receptors activates nNOS, leading to S-nitrosylation and the activation of dexras1, which physiologically induces iron uptake. 29, 30 Iron overload results in neuronal damage. Salicylaldehyde isonicotinoyl hydrazone (SIH), a selective cell-permeable iron chelator, markedly protects neurons from cell death induced by NMdA, and the deletion of dexras1 in mice attenuates NMdA-induced excitotoxicity. 31 Moreover, downregulated dexras1 is involved in the protective effects of calycosin on cerebral ischemia rats. 32 Thus, drugs that selectively block dexras1 may be neuroprotective.
Poly(AdP-ribose) synthetase (PARS) is enhanced after focal ischemia in the rat brain. 33 nNOS is responsible for the activation of PARS. Increased NO coming from nNOS can react with superoxide to form peroxynitrite. Peroxynitrite, but not various NO donors, activated PARS and attenuated poly(AdPribose) formation in mice deficient for nNOS. 34 The extensive activation of PARS can rapidly lead to cell death through depletion of energy stores and damage to dNA. PARS inhibitors display protective effects against cerebral ischemia. The p38 stress-activated protein kinase (p38MAPK) is a proposed downstream prodeath effector of nNOS. Cao et al 37 found that NOS inhibitors reduce both glutamate-induced p38 activation and the resulting neuronal death. Li et al 27 reported that excitotoxic activation of p38MAPK and subsequent neuronal death were reduced by competition with the nNOS-CAPON interaction and by knockdown with CAPON-targeting small interfering RNAs. nNOS-CAPON uncouplers and p38MAPK inhibitors may become new types of anti-ischemia drugs.
Striatal-enriched phosphatase (STEP) is a brain-specific intracellular tyrosine phosphatase which is related to excitotoxicity. Whole STEP plays an initial role in neuroprotection by disrupting the p38MAPK pathway. 38 However, the degradation of active STEP is associated with the secondary activation of p38MAPK. The application of a cell-permeable STEP-derived peptide, Tat-STEP, which is resistant to degradation and binds to p38MAPK, protects cultured neurons from hypoxia-reoxygenation injury and reduces ischemic brain damage. 38, 39 Because CAPON, dexras1, PARS, p38MAPK, and STEP are all downstream molecules of nNOS and represent part of the nNOS signal, blocking any of them does not completely inhibit the destructive effect of nNOS. Thus, the combined application of these types of drugs or their use as an alternative treatment for PSd-95-nNOS uncouplers is supported.
GluN2B-DAPK1 Signaling Pathway
dAPK has been identified as a novel Ca 2+ /calmodulin-dependent protein kinase and is maintained at substantial levels in the nervous system. dAPK is activated by dephosphorylation in response to cerebral ischemia. 40 Tu et al 41 demonstrated that cerebral ischemia recruits dAPK1 into the GluN2B protein complex (Figure 2 ) and potentiates its activity and that the disruption of this association by GluN2B CT reduces damage in the brain. 42 Also, protection of pyruvate against glutamate excitotoxicity is mediated by regulation of the dAPK1 protein complex. 43 Kang et al 44 reported that dAPK is regulated by dANGER and that dANGER binds directly to dAPK and inhibits its catalytic activity. dANGER may physiologically regulate the viability of neurons and may represent a potential therapeutic target for stroke and neurodegenerative diseases.
dAPK1 phosphorylates p53 at serine-23, acting as a functional version of p53. The tumor suppressor p53 is a sequence-specific transcription factor that can trigger both transcription-dependent and mitochondria-related apoptosis. 45 Interrupting dAPK1-p53 interaction by the deletion of dAPK1 death domain or application of Tat-p53dM can protect mouse cortical neurons from ischemic damage. 46, 47 Thus, the p53 may be a desirable target for the treatment of ischemic insults.
Protein kinase d (PKd) is a kinase substrate of dAPK. It has been reported that oxidative stress enhances the interaction between dAPK and PKd in 293 cells, which leads to the activation of c-Jun N-terminal kinase (JNK) and programmed necrosis. 48 JNK is an important stressresponsive kinase that is activated by cerebral ischemia. 49 Both d-JNKI-1, a peptide inhibitor of JNK, and SP600125, a small molecule inhibitor of JNK, diminished JNK activity after ischemia and reduced the infarct volume in a dose-dependent manner. [50] [51] [52] Although NMdAR-mediated activation of JNK is PSd-95-independent, 53 this does not exclude a possible connection between GluN2B and JNK. Therefore, GluN2B/dAPK1/PKd/JNK may be a prodeath signaling pathway after stroke.
Autophagy not only exercises important biological functions but also critically contributes to the neuronal fate on cerebral ischemic stress. 54 Zalckvar et al 55 reported that dAPK1 phosphorylates beclin-1 at Thr119 and promotes the induction of autophagy. Moreover, p53 can also induce autophagy. 56, 57 The upregulated level of autophagy after cerebral ischemia may be because of the increased activity of dAPK1. Increasing evidence indicates that the inhibition or induction of autophagy under some conditions may be neuroprotective. Although whether inhibition of autophagy increases or decreases the rate of neuronal death is still under debate, it is certain that autophagy-related proteins may be new therapeutic targets for stroke. 58 In view of their powerful prodeath effects, targeting dAPK1, p53, or JNK may be more effective than targeting others. However, there are several problems that require attention. One is that dAPK1 and p53 are important tumor suppressors, and enhanced cell proliferation effects induced by the inhibition of dAPK1 or p53 should be carefully studied. Second, the relationship of GluN2B, dAPK1, and JNK should also be confirmed. Finally, it is must be clarified whether an enhanced level of autophagy induces neuron death after stroke. 
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GluN2B-PTEN Signaling Pathway
PTEN is a tumor suppressor that plays an important role in the regulation of several cellular processes. It has been reported that PTEN physically associates with the C terminus of NR1 in GluN2B-containing NMdA receptors. 59 PTEN also contains a PdZ-binding motif at its C terminus and NMdA receptor activation triggers a PdZ-dependent association between PTEN and PSd-95. 60 GluN2B, PSd-95, and PTEN may form a complex in vivo. nNOS is involved in the S-nitrosylation activation of PTEN after cerebral ischemia in the rat hippocampus. 61 Therefore, PTEN may be activated by the GluN2B signal through nNOS. PTEN can induce neuronal damage after ischemic insults through several pathways (Figure 3 ): antagonizing the phosphatidylinositol-3 kinase (PI3K) signaling pathway, 62 negatively regulating the membrane expression and function of GABAA receptors (GABA A Rs), 63 positively regulating extrasynaptic NMdARs 64 and interfering with nuclear signaling. 65 However, PTEN also induces a neuroprotective effect through activating the GluN2A cell prosurvival pathway. 64 Although it has a neuroprotective effect, the main action of PTEN is to promote neuronal death after stroke. Pretreatment with potassium bisperoxo (1,10-phenanthroline) oxovanadate (V) (bpv), Figure 4 . The GluN2B-CaMKII signaling pathway. GluR2-lacking AMPA receptor (AMPAR) and acidsensing ion channel 1a (ASIC1a) are both possible pathways by which CaMKII participates in the regulation of neuronal death. CaMKII can also induce neuroprotective effects by activating the GABAA receptors (GABA A R) and extracellular signal-regulated kinase (ERK) as well as inhibiting neuronal nitric oxide synthase (nNOS) and glycogen synthase kinase-3 (GSK-3). CaMKII indicates calcium/ calmodulin-dependent protein kinase II; and GluN, N-methyl-D-aspartate receptor. bpv indicates potassium bisperoxo (1,10-phenanthroline) oxovanadate (V); CaMKII, calcium/calmodulin-dependent protein kinase II; CAPON, C-terminal PDZ ligand of nNOS; DAPK1, death-associated protein kinase 1; ES, embolic stroke; GluN, N-methyl-D-aspartate receptor; HI, hypoxia-ischemia; IS, iatrogenic stroke; JNK, c-Jun N-terminal kinase; MCAO, middle cerebral artery occlusion; nNOS, neuronal nitric oxide synthase; PSD-95, postsynaptic density-95; PTEN, phosphatase and tensin homolog; and STEP, striatal-enriched phosphatase.
by guest on November 20, 2017 http://stroke.ahajournals.org/ Downloaded from a potent inhibitor of PTEN, prevents ischemic brain injury. 66, 67 Zhang et al 65 demonstrated that the application of Tat-K13, a peptide that prevents the nuclear translocation of PTEN, even 6 hours after stroke strongly protected against ischemic brain damage. Although delayed administration of a PTEN inhibitor bp as long as 24 hours after ischemia did not reduce infarction during the acute phase, functional recovery was improved. 68 The long time window may be because PTEN inhibition enhances the regenerative ability of neurons. 69 These results suggest that the inhibition of PTEN may represent a novel strategy for the treatment of stroke.
The PTEN inhibitor has an anti-ischemia effect in both the acute and chronic stages. This type of drug may have a wide time window and can be used any time after stroke. Like dAPK1 and the p53 inhibitor, the powerful promotion of cell proliferation should be explored in other tissues.
GluN2B-CaMKII Signaling Pathway
CaMKII is also involved in pathological excitotoxic glutamate signaling ( Figure 4) . 70 Glutamate-induced Ca
2+
-influx causes CaMKII to translocate to postsynaptic sites. 71, 72 Specifically, the binding of CAMKII's T-site to the GluN2B region around S1303 is essential for this type of translocation. 73 Although deletion of CaMKIIα predisposes neurons to increased damage after ischemia, 74 several studies have indicated that inhibiting stimulated and autonomous CaMKII activity attenuates the neuronal cell death induced by excitotoxicity. 75, 76 This contradiction could be explained by the developmental effects caused by the absence of CaMKIIα. 70 Although the conventional CAMKII inhibitor KN93 attenuated excitotoxicity only when present during the insult, Tat-CN21, derived from the endogenous CaMKIIspecific inhibitory protein CaM-KIIN, significantly reduced the infarct size in a mouse stroke model when injected 1 hour after the onset of arterial occlusion. 75 The underlying mechanism is the blockade of the Ca 2+ -independent, autonomous activity of CaMKII generated by GluN2B association or Thr286 autophosphorylation. These results demonstrate that CaMKII autonomy may be a drug target for postinsult neuroprotection.
Although the autonomous CaMKII inhibitor was proven to be effective in postischemia treatment, in view of the powerful prosurvival effect of CaMKII (Figure 4) , the CaMKII inhibitor may have a narrow time window. The best administration time may be around the time of stroke.
Perspectives
Because most of the potential drugs with effective postischemic treatment were derived from the GluN2B-nNOS signaling pathway (Table) , this signaling might be the most important among the 4 prodeath pathways. More to the point, Tat-NR2B9c has passed its phase II clinical trial. 11 Although the other 3 signaling pathways shared relatively small proportion of effective drugs, PTEN and JNK inhibitors were also 2 types of promising potential drugs.
disappointed results of NMdAR blockers indicate that NMdAR also plays an important role in promoting neuronal survival. It is generally agreed that rather than inhibiting all of the NMdAR signals, selectively preventing the prodeath signal pathway is a good strategy. However, this is not easy to accomplish. There are some controversies regarding the differential attribution of neuronal survival and death to distinct NMdAR subpopulations and locations. Therefore, more attention should be paid to the downstream prodeath proteins of NMdAR. In addition, stroke induces acute and delayed cell damage that lasts for months. Promoting regenerative repair, including neurogenesis and dendritic remodeling, may also be an alternative strategy in the treatment of stroke. Tat-NR2B9c 10 and bpv 68 are 2 successful examples of delayed administration. Among the drugs with effective postischemic treatment, many are Tat fusion proteins. Tat can increase cellular drug uptake by activating different types of endocytosis pathways, as well as direct translocation. 77 The ability of Tat to deliver macromolecular cargo to the brain will greatly facilitate the development of anticerebral ischemia drugs. However, this Tat-based drug delivery approach is potentially fraught with several scientific and technical problems, which include a lack of cell selectivity, instability, complicated influences by peptide cargo, uncertainty in guaranteeing an effective concentration in its target and immediate degradation after oral administration. 78 The rational design of small molecular drugs is a unique method for overcoming these disadvantages once and for all.
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